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Search for hidden orbital currents and observation of an activated ring of magnetic scattering
in the heavy fermion superconductor URu2Si2
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We have performed neutron-scattering experiments on the heavy fermion superconductor URu2Si2 to search
for the orbital currents predicted to exist in the ordered phase belowTN517.5 K which result in a ring in
momentum space. Elastic scans in the (H, K, 0) and (H, 0, L) planes revealed no such order parameter at
low temperatures. This shows that any orbital current formation is quite small and less than our detection limit
for a ring of scattering of 0.06(1)mB ~albeit somewhat greater than the size of the predicted moment of
;0.03mB). On heating, however, we find that a ring of quasielastic scattering forms in the (H, K, 0) plane
centered at an incommensurate radiust50.4 from the~1, 0, 0! antiferromagnetic~AF! Bragg position. The
intensity at a point on the ring,~1.4, 0, 0!, is thermally activated belowTN with a characteristic energy scale
of D5110 K;6TN . This is the coherence temperature, and it is much higher than the spin-wave energy for
the selected momentum. We believe that the incommensurate spin fluctuations compete with the AF spin
fluctuations, drive the transition to a disordered magnetic state aboveTN , and contribute to the formation of
the heavy fermion state.
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High-temperature superconductivity, superfluidity, t
quantum Hall effect, and heavy fermion metals are all
amples of the fascinating behavior that arises from com
cated interactions within systems of fermions.1,2 The interest
in heavy fermion metals has been piqued by the discover
the coexistence of superconductivity and antiferromagnet
in several species such as UPt3,3 UPd2Al3,4 UNi2Al3,5 and
URu2Si2.6,7 A striking feature of these compounds is th
they display conduction-electron specific heats at low te
peratures that are orders of magnitude greater than t
found in typical metals. This behavior differs markedly fro
that at high temperatures where the value for the Sommer
constant returns to normal free-electron values. The resis
ity, specific heat, and magnetic susceptibility show that th
intermetallics behave at high temperatures as a set of we
interacting conduction electrons and local moments. T
crossover from this state to a low-temperature state, in wh
the effective mass of the quasiparticles increases dram
cally, is a gradual change that is characterized by a coher
temperatureuC .8

For UPt3 and URu2Si2, the ordered moments in the Ne´el
states are extremely small (0.028mB

9 and 0.03mB ,6,7 respec-
tively!. For URu2Si2 the superconductivity belowTC
;1.2 K emerges from an unknown state with a transition
TN517.5 K. It is accompanied by a largel anomaly in the
specific heat,10 which, in light of the extremely small ordere
moment, suggests that another order parameter is at pl11

There has been considerable recent interest in URu2Si2, with
new developments providing hints that the ordered magn
state is inhomogeneous,12 and somewhat parasitic to a s
called ‘‘hidden’’ ordered state. A complex phase diagram
this state has been elucidated based upon specific-heat
0163-1829/2004/69~13!/132418~4!/$22.50 69 1324
-
i-

of
m

-
se

ld
v-
e
ly
e
h
ti-
ce

t

.

ic

r
ea-

surements at high magnetic fields.13 The character of this
possible hidden order parameter is still unknown, but po
bilities such as quadrupolar ordering and charge-den
wave formation are plausible.14 It has been shown, howeve
that none of the allowed quadrupolar or octupolar orderin
can account for the weak moment.15,16 Recent NMR mea-
surements, which have shown that small isotropic magn
fields develop belowTN at the silicon sites,17,18 have led
Chandraet al. to propose that the hidden order arises fro
the formation of orbital currents.19,20 The signature for such
currents, which develop in the ordered phase belowTN ,
would be a ring of magnetic incommensurate scattering
reciprocal space with a characteristicQ24 form factor.

We have carried out a detailed search for this hidden or
parameter in URu2Si2 using neutron scattering in th
(H, K, 0) and (H, 0, L) planes. We will show that any
such scattering is small and lies below our detection lim
We will also show that a ring of quasielastic scattering exi
that decreases in spectral weight belowTN .

Our experiments were performed at the DUALSPE
triple-axis spectrometer at Chalk River Laboratories with
focusing pyrolytic graphite~PG! monochromator and PG
analyzer set to a fixed energy of 3.52 THz. A PG filt
was used to remove higher-order contamination. Ela
scans were performed, as well as quasielastic scans a
energy transfer of 0.25 THz. The collimation wa
0.40°-0.48°-0.56°-1.20°. The two crystals were describ
earlier,6,7 one oriented in the (H, K, 0) plane and the othe
in the (H, 0, L) plane.

Figure 1 shows the~1, 0, 0! magnetic Bragg signal arising
from the 0.03mB ordered moment. The relative intensity o
this peak as compared to background gives a measure o
©2004 The American Physical Society18-1
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sensitivity to small moments. From the ability to detect s
nal above background, we calculate that the minimum
tectable signal for long-ranged local-moment formation
0.013(1)mB for three-dimensional~3D! order. For a momen
distribution which leads to a 2D ring structure with the 0
r.l.u. ~reciprocal lattice units! radius of Chandraet al.,19 this
limit changes to 0.06(1)mB . We calculated the reduced se
sitivity by distributing the detectable 3D moment squar
(0.013mB)2 located in an areap(Dqcoll/2)2, over a ring of
predicted radiust50.2 r.l.u.19 The factor by which the sen
sitivity is reduced is then

2ptDqcoll

p~Dqcoll/2!2
;24, ~1!

whereDqcoll is the instrumental resolution~in Å21). Thus
the moment sensitivity is reduced to 0.013mBA24
50.06mB . We note that Bullet al.quote only their detection
limit 0.007mB for a 3D peak, which is not appropriate for
ring of 2D scattering.21

The hidden order search was made with elastic ra
scans with ranges 0.5<H<1.0 and 0<K<1.05 over the
(H, K, 0) plane and0.175<H<1.075 and 0<L<1.05
over the (H, 0, L) plane ~with a step size of 0.025 r.l.u.!.
Note that for body-centered tetragonal symmetry, the p
tion for the predicted ring of scattering at (t cosu, t sinu, 1)
~Refs. 19 and 20! is equivalent to the wave vectors (
1t cosu, t sinu, 0) at which we made the search, albeit
different magnitudes ofQ. In the difference scans,I (8 K)
2I (22 K), we found no additional signal from magnet
Bragg or ring scattering belowTN . This indicates that no
new magnetic Bragg peaks are observable in the (H, K, 0)
and (H, 0, L) planes. Bull reached the same conclusion
the (H, H, L) plane.21 However, this does not completel
rule out orbital current formation, for our detection limit fo
a ring of scattering, 0.06(1)mB , exceeds the predicted mo

FIG. 1. The antiferromagnetic Bragg peak at~1, 0, 0! and T
58 K ~fit is to a Gaussian!. The inset shows the correspondin
magnetic structure for the U41 moments.
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ment of Chandra of;0.03mB .19,20The rapid 1/Q4 form fac-
tor decrease can also render detection difficult.

Since no new features were discovered in the elastic ch
nel, we decided to look at the quasielastic spectra atDE
50.25 THz ~just outside our energy resolution!. This re-
moves the large incoherent elastic peak and so increase
sensitivity to the formation of slow correlations modulated
Q. Our strategy was to further investigate an incommen
rate ring of scattering which was discovered in the previo
investigation of the inelastic spectrum near~1.4, 0, 0!. A
broad feature centered at about 0.6 THz was reported ab
TN , indicative of heavily damped antiferromagnetic~AF!
spin fluctuations.6,7 This feature sharpened to a resolutio
limited peak with energy 1.1 THz, well belowTN with a
center at higher energies (;1.1 THz). The increase in the
incommensurate scattering as one passes aboveTN ~Ref. 22!
originates from the downward shift and increased damp
of the spin fluctuations~the location of a minimum in the
spin-wave dispersion!. The structure of this scattering in re
ciprocal space at this energy transfer was not reported in
original paper, nor was its explicit temperature dependen6

Unpublished work suggested that the structure could b
ring in reciprocal space,23 a structure reminiscent of the rin
that Chandraet al. predicted for orbital current formation in
the hidden order phase.

Figure 2 shows contours of the scattering in t
(H, K, 0) plane at 22 K and 16 K, above and belowTN ,
respectively. We have folded the data about the lineK50
because of the symmetry of reciprocal space. The ring
modulation comes from antiferromagnetic spin fluctuatio
@since we find it centered on other AF points such as~2, 1,
0!, but not on the ferromagnetic point~1, 1, 0!, as included

FIG. 2. ~Color online! Contour plot of scattering in the
(H, K, 0) plane atT522 K andT516 K with DE50.25 THz en-
ergy transfer. Note that the scattering lies within a ring of mome
centered on~1, 0, 0!, and the antiferromagnetic fluctuations belo
TN at ~1, 0, 0! associated with the order parameter. The das
circles are guides to the eye.
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on the mesh scan#. To confirm the modulation is magnetic i
origin, we measured the form factor out to higher values
Q. Figure 3 shows the peak intensities at~0.6, 0, 0!, ~1.4, 0,
0!, ~2, 0.6, 0!, and~2, 1.4, 0! derived from raster scans. Th
U41 magnetic form factor in the same figure is in go
agreement with our data, showing that the modulation ar
from 5f -shell electrons and not from larger diameter orbi
currents. The latter would have exhibited the rapidQ24 de-
crease Chandraet al. predicted for orbital currents.

The intensity on the ring of scattering sampled at~1.4, 0,
0! is thermally activated up to the transition atTN as shown

FIG. 3. ~Color online! ~a! The background subtracted intensiti
~as determined by Gaussian fits! to the features seen at rings o
scattering in the (H, K, 0) plane atT522 K. The line is the U41

magnetic form factor~Ref. 24!. ~b! A map of the rings in reciproca
space with crosses where the form factor was measured.
squares and circles refer to ferromagnetic and antiferromagn
points, respectively.

FIG. 4. The temperature dependence of the scattering at~1.4, 0,
0! andDE50.25 THz energy transfer. The fit is with an activatio
temperature of 110~10! K.
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in Fig. 4. There is some intensity modulation around the r
at 22 K, even when the 16 K data are subtracted, an
favors fluctuations in the~1, 0, 0! and ~0, 1, 0! directions.
The suppression along intermediate directions is likely
cause it takes more energy to create a spin fluctuation a
the ~1, 1, 0! direction, relative to~1, 0, 0! for the same radial
momentum about~1, 0, 0!.7 The 22 K intensity at~0.6, 0, 0!
exceeds that at~1.4, 0, 0! by more than the form-factor dif-
ference and is not understood. Even where there is the l
scattering on the ring, the intensity there declines on ente
the ordered phase whereas the orbital current signal sh
increase. Despite the unexplained modulation of the ring
intensity everywhere is consistent with activated behavior
shown in Fig. 4. Placed in context of the work of Brohol
et al.,6,7 who measured inelastic spectra above and below
transition, what we are observing aboveTN is the tail of a
highly damped, almost quasielastic spin fluctuation. Bel
TN the scattering moves above our 0.25 THz energy wind
as a spin wave develops, narrows, and moves to a hig
energy of;1.1 THz, resulting in a suppressed intensity
0.25 THz.

The fit in Fig. 4 is to a background plus a single activat
intensity of the form

I ~T!5A exp~2D/T!, T,TN , ~2!

I ~T!5const, T.TN , ~3!

whereA is a constant,TN is the Néel temperature~17.5 K!,
andD5110(10) K is the fitted activation energy. An impo
tant result is that the activation temperature is not that of
sampling energy, 0.25 THz;12 K, nor that of the 0.6 THz
;30 K spin excitation aboveTN , nor that of 1.1 THz
;53 K excitation belowTN . Instead it is the much large
activation energy found by Palstraet al.10 for the specific-
heat anomaly belowTN , who extracted it from a fit over the
range 2 K–17.5 K to

C~T!5gT1bT31d exp~2D/T!, ~4!

and foundD;115 K. This suggested that a substantial g
opens in the density of states belowTN that effectively re-
moves ;75% of the low-lying states from the Ferm
surface.10 The gap energy is similar to the maximum in th
spin-wave density of states,25 and to the charge gap seen
the optical reflectance measurements.26 Taken with our re-
sults, this serves to confirm that removal of both low-ene
spin states and charge states is required to form the unkn
ordered state belowTN . The existence of two competin
energy scales (D and TN) has also been observed in dc r
sistivity experiments.27

The quasielastic scattering observed in our experimen
reminiscent of the intimate connection between spin fluct
tions and the heavy fermion state. Gaulinet al. studied this
relationship in UNi2Al3, which has aTN of 4.6 K andTc of
1.2 K.28,29 The magnetic structure is incommensurate, w
an ordering wave vector ofQ5(0.56t, 0, 0.5) (t50.11)
and an ordered moment of 0.85mB per U atom. The quasi-
elastic spin fluctuations are of two kinds: those associa
with the incommensurate wave vector and with the comm

he
tic
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surateQ5(0, 0, 0.5) wave vector. The two modes compe
with one another, with a shift in spectral weight from th
commensurate to incommensurate fluctuations belowTN .
Above the transition, the incommensurate fluctuations dis
pear, but the commensurate ones persist to nearly 80
Since this is the coherence temperature, the excitations
therefore associated with the formation of the heavy ferm
state.

For URu2Si2, the situation is reversed: the commensur
fluctuations are associated with the ordering wave vector~1,
0, 0!, and the incommensurate excitations persist to h
temperatures,22 and so can be identified with the formation
the heavy fermion state. This shift in spectral weight can
noted by the increase in scattering at~1, 0, 0! belowTN ~see
Fig. 2! and the corresponding decrease in intensity at~1.4, 0,
0!. Mason et al. have suggested that magnetic frustrati
plays a role in the unusual magnetic properties of URu2Si2,
with the long-range oscillatory nature of the Ruderma
Kittel-Kasuya-Yosida ~RKKY ! interaction providing the
mechanism.22 The incommensurate ring of scattering we o
serve may be a signature of such a RKKY interaction. Ho
ever, the nature of the fluctuations cannot be ascertained
this experiment alone. It is already known7 that the spin fluc-
tuations carry a matrix element of 1.2mB , two orders of
magnitude larger than the weak moment of 0.03mB . Based
on our experimental results that the activation energy is
same for the spin response and the specific-heat anomal
suggest that these are excitations out of the gapped ‘‘hid
order’’ state rather than the weakly AF ordered phase. F

*Electronic address: wiebecr@mcmaster.ca
1Z. Fisk et al., Science239, 33 ~1988!.
2R.H. Heffner and M.R. Norman, Comments Condens. Ma

Phys.17, 361 ~1996!.
3G. Aeppli et al., Phys. Rev. Lett.60, 615 ~1985!.
4C. Geibelet al., Z. Phys. B: Condens. Matter84, 1 ~1991!.
5J.G. Lussieret al., Phys. Rev. B56, 11 749~1997!.
6C. Broholmet al., Phys. Rev. Lett.58, 1467~1987!.
7C. Broholmet al., Phys. Rev. B43, 12 809~1991!.
8A. Amato, Rev. Mod. Phys.69, 1119~1997!.
9G. Aeppli, D. Bishop, C. Broholm, E. Bucher, K. Siemensmey

M. Steiner, and N. Stu¨sser, Phys. Rev. Lett.63, 676 ~1989!.
10T.T.M. Palstraet al., Phys. Rev. Lett.55, 2727~1986!.
11W.J.L. Buyers, Physica B223-224, 9 ~1996!.
12G.M. Luke et al., Hyperfine Interact.85, 397 ~1994!.
13J.S. Kimet al., Phys. Rev. B67, 014404~2003!.
14P. Santini, Phys. Rev. B57, 5191~1998!.
15M.B. Walker et al., Phys. Rev. Lett.71, 2630~1993!.
16M.B. Walker and W.J.L. Buyers, Phys. Rev. Lett.74,
13241
p-
K.
re
n

e

h

e

-

-
-
ith

e
we
en
r-

ther experiments are needed to develop a clearer pictur
the origin of these excitations with respect to proposed s
narios of a phase separation occurring atTN . It may be that
this feature is linked to a possible electronic phase sep
tion, as suggested by muon-spin-resonance12 and NMR
measurements,17 since the spectral weight is too large to b
explained by the 0.03mB ordered moment.

In conclusion, our neutron-scattering measurements
search of hidden order in the (H, K, 0) and (H, 0, L)
planes have placed an upper limit of 0.013(1)mB for the
presence of any long-ranged 3D ordered spin structure
defined inQ. For a ring of scattering, the detectable mome
is 0.06(1)mB , which precludes orbital current formatio
down to a level that is somewhat larger than that predic
by Chandraet al..19 Quasielastic scattering experiments ha
revealed a connection between a ring of incommensu
scattering at a radius oft50.4 from the zone center and th
heavy fermion state. The exponential activation energy
this ring belowTN , comparable with the specific-heat ac
vation energy, suggests that a gap of 110 K is a feature of
hidden order phase.
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